Quantum teleportation establishes a correspondence between an entangled state shared by two separate parties that can communicate classically and the presence of a quantum channel connecting the two parties. The standard benchmark for quantum teleportation, based on the average fidelity between the input and output states, indicates that some entangled states do not lead to channels which can be certified to be quantum. It was recently shown that if one considers a finer-tuned witness, then all entangled states can be certified to produce a non-classical teleportation channel. Here we experimentally demonstrate a complete characterization of a new family of such witnesses, of the type proposed in Phys. Rev. Lett. 119, 110501 (2017) under different conditions of noise. Furthermore, we show non-classical teleportation using quantum states that can not achieve average teleportation fidelity above the classical limit. Our results have fundamental implications in quantum information protocols and may also lead to new applications and quality certification of quantum technologies.
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Introduction. -The role of entanglement in quantum information processing is of utmost importance, but it is also subject of debate. Entanglement is today the core of many key discoveries ranging from quantum teleportation [3] , to quantum dense coding [4] , quantum computation [5] [6] [7] and quantum cryptography [8, 9] . Quantum communication protocols such as device-independent quantum key distribution [10] are heavily based on entanglement to reach nonlocalitybased communication security [11] .
The prototype for quantum information transfer using entanglement as a communication channel is the quantum teleportation protocol [3] , where a sender and a receiver share a maximally entangled state which they can use to perfectly transfer an unknown quantum state. This protocol represents a milestone in theoretical quantum information science [12] [13] [14] and lies at the basis of many technological application such as quantum communication via quantum repeaters [16, 17] or gate teleportation [15] . It has been implemented over hundreds of kilometers in free-space [18, 19] and more recently in a ground-to-satellite experiment [20] . Employed platforms include mainly photonic qubits [21] [22] [23] [24] [25] [26] [27] , but also nuclear magnetic resonance [28] , trapped atoms [31, 32] , atomic ensembles [29, 30] and solid-state systems [33] [34] [35] .
To fully understand the role of entanglement in quantum teleportation, it is necessary to gauge what is the actual entanglement content (if any) that must be involved in order to upgrade a classical channel to a quantum channel. Indeed, it is known that not all entangled states allow a teleportation fidelity to be reached which is higher than the one achievable using only classical communication [36] , with the notable example of bound entangled states [37, 38] . This mismatch between the nonclassicality of the shared state and nonclassicality of teleportation can be resolved by taking into account the full available information instead of only the teleportation fidelity. Very recently it has been theoretically shown [39] that it is possible to use a more informative witness for teleporta- tion scenarios which detects nonclassicality of a teleportation channel whenever any amount of entanglement is present in the shared state.
In this article, we experimentally test, using pairs of polarization-entangled photons, the properties of a nonclassical teleportation witness by exploiting a photonic teleportation setup able to generate a family of channel states (shared between the sender and the receiver) characterized by a tunable amount of noise γ. Moreover, we study the behavior of the non-classical teleportation witness for various values of γ and we check its agreement with theoretical predictions. By considering a particular model for the additional non-tunable experimental noises which affect any photonic teleportation setup similar to ours, we also address the correspondence between the witness results and the expected presence of entanglement in the channel state. address how the non-classical teleportation witness is able to demonstrate the presence of a quantum channel even in conditions where the allowed maximum teleportation fidelity is below the classical limit. Our experimental results show that the analyzed non-classical teleportation witness represents a novel tool which is able to certify the presence of a nonclassical teleportation channel beyond the possibilities of the previously adopted benchmark.
Non-classical teleportation witness.-In a teleportation protocol two parties, Alice and Bob, share a quantum state ρ AB , which they want to use to teleport arbitrary (possibly unknown) states ψ A0 x (see Fig. 1 ). Alice applies a measurement M with measurement operators M A0A a on the systems A 0 A in her possession, leaving Bob's system in the states
where
] is the probability of the particular outcome a.
As proposed in [39] , a particular witness function which exploits the full information obtained from teleportation can be computed in order to certify the presence of entanglement in the channel state ρ AB . In particular, we focus here on the situation where the channel state belongs to the family of quantum states
where |ψ − = (|01 −|10 )/ √ 2, and as input to the teleportation experiment we consider the six eigenvectors of the Pauli matrices {ψ
We denote the resulting set of states prepared for Bob ρ B a|ψx (γ). Using the methods discussed in Ref. [39] , one can obtain operators F B a|ψx (θ), defining a one-parameter family of nonclassical teleportation witnesses:
where the operators F B a|ψx (θ) are given in Table I and the parameter θ identifies a single witness of the family. It turns out that a,
a|ψx } that come from teleportation processes using only classical communication (or separable states). Thus, W (γ, θ) < 0 is a certificate of nonclassical teleportation.
Moreover, we compare this witness with the average fidelity of teleportation, which is the commonly adopted as benchmark for the quality of quantum teleportation. The average fidelity between the input and output states of the process [14] , is given by
where U a are fixed (i.e. , independent of the input states) unitary operators conditioned to Alice's result a. In the case of perfect teleportation (using a maximally entangled state), F tel = 1, while in exper- imental situations it is always the case that F tel < 1. If one defines F cl as the maximal fidelity that can be obtained given a classical channel (i.e. in the absence of entanglement between Alice and Bob), the observation of F tel > F cl implies that the teleportation process has no classical counterpart [40] .
On the other hand, some entangled states cannot lead to a F tel higher than the classical bound. This can be the case for states in the family (2), which lead to an average fidelity lower than the classical bound of 2/3 when γ ≤ 1/2 (see Supplementary Material), while the channel state is still entangled. Notably, for these states, the capability to achieve nonclassical teleportation can be still certified through the witness W (γ, θ).
In the following, we experimentally study the behavior of W (γ, θ), characterizing it with respect to the experimental imperfections arising in a photonic setup, and then we finally compare its application with the the average fidelity of teleportation benchmark. Table I . One-parameter family of teleportation witnesses operators (θ ∈ (0, π/2]) used in eq. (3) that detects the nonclassicality of the teleportation process using the state in eq. (2), the input states ψx and a partial BSM where the outcome a = 0 corresponds to a projection into a singlet state ψ − = (|01 − |10 )/ √ 2, and a = 1 the orthogonal subspace.
Characterization of the non-classical teleportation witness.-We experimentally tested the proposed nonclassical teleportation witness of eq. (3) by implementing a teleportation scenario in which a tunable amount of noise can be introduced in the entangled pair shared between Alice and Bob (see Fig. 2 ). Two photon pairs (1-2 and 3-4) are generated in two separated nonlinear crystals by means of type-II spontaneous parametric down-conversion (SPDC) process. Photon pair 3-4 will embody the quantum channel ρ (2), where the parameter γ can be tuned by acting on the physical angle α. The relationship between α and γ is explicitly derived in the Supplementary Material. This ideal situation, however, cannot be completely reproduced in any actual implementation. As discussed in the Supplementary Material, to account for this we develop a model in order to theoretically predict the main imperfections which can arise in a photonic scheme similar to the one in Fig. 2 . We address the SPDC generation and the calcite interferometer as the two main sources of imperfection, and we introduce two parameters (0 ≤ v ≤ 1 and 0 ≤ δ ≤ 1, respectively) in order to take them into account. Given our model, we estimate that the state produced in the experiment, to good approximation, has the form 
As a result, given the estimated values of v and δ, for some low values of γ the generated quantum states can become separable, differently from the ideal one shown in eq. (2). We were able to experimentally test the expected properties of the nonclassicality witness of eq. (3), analyzing its behavior for different values of γ and θ. In our scheme, Alice prepares the state to be teleported in photon 2 by means of remote state preparation (i.e. by performing projective measurement on photon 1) and teleporting it to Bob by performing a partial Bell state measurement (BSM) on photons 2 and 3. BSM is implemented with an in-fiber 50/50 beam splitter (BS) followed by polarization analysis on each of the two outputs. Bell states |ψ + and |ψ − will be identified by two-fold coincidences from the same output arm and from different output arms, respectively. We address the "robustness" of the witness by considering the six eigenstates of the Pauli matrices {ψ Experimental results are shown in Fig. 3-b , where the estimated value of W (γ, θ) is plotted as a function of the parameter θ and for different levels of noise γ. Fig. 3-a shows the theoretical expectations for the same set of states and parameters for comparison. As expected the witness certifies the non-classicality of the channel even in those cases when teleportation fidelity is lower than classical fidelity. This is shown in detail in figure 4 a-b.
In Fig. 4 -a are reported the optimal values of W for fixed amounts of γ. Blue points show the experimental results, obtained evaluating W (γ, θ) for different γ-s and numerically minimizing over the parameter θ. As expected, only those points with γ higher than the estimated entanglement threshold (red dot-dashed line), have W min (γ) < 0, and thus show a nonclassical teleportation behavior. The data are in good agreement with the theoretical values of W min (γ) (green line) which are expected given our imperfections model (see Supplementary Material). To have a direct comparison with the usual teleportation witness we plot in Fig. 4 -b the estimated teleportation fidelity for the same set of experimental points.
Discussion.-Our work experimentally demonstrates the complete characterization of a recently introduced nonclassical teleportation witness [39] . We started with the generation of a general family of two-qubit states unable to display a F tel within the quantum regime. We tuned the amount of noise in our states in order to test the properties of the nonclassical witness for different values of γ and θ and establishing in this way a direct and general link between the expected properties and our experimental results. Moreover, we exper-imentally showed that beyond a certain noise threshold one can enter a region where the standard benchmark of the average fidelity is useless to certify a quantum channel while our witness can, thus providing an experimental tool with fundamental implications in quantum information protocols which can also lead to new applications in quantum technologies. 
METHODS

State Generation Protocol
The core of the teleportation channel shared between Alice and Bob is constituted by the following quantum state
This peculiar quantum state has been experimentally obtained by pumping one of two entangled photons into a particular interferometric apparatus, which exploits the birefringence properties of calcites. Let us start by considering the singlet state generated via a SPDC process. In order to properly take into account the effect of a calcite on one of the two photons we can introduce an additional path degree of freedom (τ j ) for that photon. We thus obtain that the quantum state |Φ AB after the SPDC generation and before the first calcite is given by
A calcite will act on a photon coupling the polarization and the path degree of freedom, through the operator
where we have to take into account that when a photon assumes a path value τ j for j ≥ 3, then it exits the interferometer and it gets lost. The whole interferometer is composed of a sequence of a calcite, a half-wave plate at angle α, another calcite and a final half-wave plate at angle π/4, all acting on the proper photon of (2). The overall effect will then be given by:
where we defined the action of the half-wave plate on the proper photon as
This process leads to the preparation of the final quantum state:
where γ = 4 sin 2 2α
3 − cos 4α .
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Noise Model
We studied the behaviour of the nonclassicality witness with respect to the experimental noise arising in our setup. We considered, in our model, two different sources of noise. First of all we took into account the SPDC generation of the two entangled couples of photons, and we dealt with this point by considering the presence of white noise. Since our goal is to analyse the behaviour of the witness with respect to the presence of entanglement within the teleportation channel, we addressed all the white noise to the channel state, including the noise owed to the remote state preparation of the teleporting states. The state generated immediately after the SPDC crystal can be thus assumed to be:
instead of a pure singlet state. The second source of noise that we considered belongs to the manipulation of the photons in the calcites interferometer, necessary to obtain the state of Eq. 1.
We took into account that each calcite can be affected by a dephasing process, and thus we elaborated a noisy model by considering the passage through a calcite as an open system evolution given by:
where O calc. is defined in
the dephasing is given by:
and σ z is the Pauli matrix
The final channel state obtained through our model, will thus be given by:
where we defined γ accordingly to:
We numerically estimated the noise levels of our experimental apparatus by analyzing the relationship between the experimental and theoretical estimation of the nonclassicality witness. For each experimental point we performed a numerical minimization over the free parameter θ, in order to obtain a set of optimal experimental values for the witness, given different values of γ. We then performed a nonlinear fit of these data given the function W noisy (γ, θ min(γ,v,δ) , v, δ) described in (15) and (16), where we considered v and δ as free parameters. This led to the estimation v 0.962 ± 0.070, δ 0.872 ± 0.053.
TELEPORTATION WITNESS
In this section we describe the family of teleportation witnesses that we obtain considering teleportation of the states
, |1 } over the share state (1). Moreover we consider that Alice applies partial Bell state measurement, given by the measurement operators {M
The witnesses operators are obtained through the method (based on semidefinite-programing) described in Ref. [1] and are given in Table I . They correspond to a family of operators that can detect non-classical teleportation. For states of the form (1), used to teleport the set of states {ψ x }, we find 
which must be negative to demonstrate non-classical teleportation. This is the case whenever γ > 1 − cos θ 1 − cos θ + sin θ .
For each value of γ, the largest violation is achieved at θ = θ * , where tan θ * = γ/(1 − γ), in which case 
which is strictly negative except when γ = 0 (i.e. when the state is the product state |V V ). Thus all states of the form (1) with γ = 0 demonstrate non-classical teleportation, and this can be witnessed by non-classical teleportation witnesses of the form given in Table I . Notice that the teleportation witness only involves measuring σ i whenever the input state was an eigenvector of σ i . In Fig. 1 we plot the violation for various fixed values of θ (dotted lines), as well as the violation obtained by using the optimal witness (θ * ) for a given γ (solid line). In Fig. 1 we also plot the average fidelity of teleportation F tel for states of the form (1). Classically it is possible to achieve F cl = 2/3, thus for 0 ≤ p ≤ 1/2, states of the form (1) cannot beat the classical average fidelity of teleportation, and thus were previously thought to be useless for teleportation. However, as our teleportation witness demonstrates this is not the case, and for all p > 0 these states demonstrate non-classical teleportation. Table I , using the two-qubit state (1) and partial Bell state measurement, for various fixed values of θ. The solid curve shows the violation obtained when using the inequality with tan θ * = γ/(1 − γ) as the witness for state with noise γ, which is the optimal witness to use. The upper solid curve shows the average fidelity of teleportation F tel as a function of γ. Classically it is possible to achieve F cl = 2/3 (grey line). Thus, according to this figure of merit, states with 0 ≤ γ ≤ 1/2 are useless for teleportation.
